Telomere stability plays an important role in the preservation of genomic stability and is maintained through the coordinated actions of telomere-specific proteins and DNA repair and replication proteins [1, 2] . Flap endonuclease 1 (FEN1) is a protein that plays a role in lagging-strand DNA replication, base excision repair, homologous recombination, and reinitiation of stalled replication forks [3, 4] . Here, we demonstrate that FEN1 depletion leads to telomere dysfunction characterized by the presence of gH2AX and sister telomere loss. Expression of catalytically active telomerase, the reverse transcriptase that adds telomeric repeats to chromosome ends, was sufficient to rescue telomere dysfunction upon FEN1 depletion. Strikingly, FEN1 depletion exclusively abrogates telomeres replicated by lagging-strand DNA replication. Genetic rescue experiments utilizing FEN1 mutant proteins that retained the ability to localize to telomeric repeats revealed that FEN1's nuclease activity and ability to interact with the Werner protein (WRN) and telomere-binding protein (TRF2) were required for FEN1 activity at the telomere. Given FEN1's role in lagging-strand DNA replication and reinitiation of stalled replication forks, we propose that FEN1 contributes to telomere stability by ensuring efficient telomere replication.
High-fidelity replication of telomeres is critical to maintain telomere stability and is confounded by both the end replication problem and repetitive G-rich nature of telomeric DNA [5] . Repetitive DNA sequences such as those found in the telomere present a challenging template for the replication machinery due to a propensity to form secondary structures that can lead to stalled replication forks [6, 7] . Due to the importance and difficulty of high-fidelity replication through the telomere, recent studies have focused on the role DNA replication/repair proteins play in telomere stability [8] [9] [10] [11] . Rad27, the FEN1 homolog, is one such replication and repair protein that plays a role at Saccharomyces cerevisiae telomeres [8, 12] . Here, we demonstrate that FEN1 plays a critical role in mammalian telomere stability.
Previous work demonstrated that FEN1 localized to the telomere in a cell-cycle-dependent manner [13] . We confirmed this observation by chromatin immunoprecipitation (ChIP) from cells (1) synchronized with thymidine and aphidicolin (Figure S1 available online) and (2) enriched in different phases of the cell cycle by centrifugal elutriation ( Figure S2 ). In agreement with previous work, we found that FEN1 localized to the telomere in the S and G2/M phases of the cell cycle. Purified FEN1 has been shown to interact directly with TRF2 through both the basic and myb domains of TRF2 [14] . Utilizing antibodies specific for endogenous FEN1 and TRF2, we demonstrate that these proteins interact in vivo ( Figure S3 ).
FEN1's presence at the telomere and its interaction with TRF2 raised the intriguing possibility that it played a role in telomere biology. To address this directly, lentiviral-expressed RNA interference (RNAi) hairpins targeting FEN1 (shFEN) or a scrambled hairpin (negative control, shSCR) were introduced into BJ fibroblasts ( Figure 1A ). Upon transduction, FEN1 protein expression was virtually undetectable compared to control cells ( Figure 1B ). To determine whether FEN1 depletion resulted in telomere dysfunction, we analyzed telomeres for the presence of gH2AX (an indicator of DNA damage) by ChIP. Lysates from cells expressing shSCR or shFEN were subject to immunoprecipitation using an antibody to gH2AX, followed by quantitation of isolated telomeric and genomic DNA (ALU). We found that, upon FEN1 depletion, immunoprecipitation of gH2AX resulted in a significant increase in the amount of isolated telomeric DNA compared to control cells (1.39-fold greater than control; p < 0.05; Figures 1C and 1D ). In contrast, no significant increase was observed in gH2AX associated with ALU DNA (1.09-fold; p = 0.59), indicating that there is increased DNA damage upon FEN1 depletion at telomeric sequences compared to the genome at large. A similar increase in gH2AX-associated telomeric and genomic DNA was observed when cells were treated with the ribonucleotide reductase inhibitor hydroxyurea (data not shown). Together, these results indicate that FEN1 depletion results in telomere dysfunction similar to that observed upon replication stress following hydroxyurea treatment.
We next assessed the telomeres directly upon FEN1 depletion. FEN1 was depleted in BJ fibroblasts expressing the SV40 early region (BJL) (the presence of the early region facilitated isolation of metaphase chromosomes) (Figure 2A) . Following FEN1 depletion, we utilized fluorescence in situ hybridization (FISH) to visualize telomeres. We found that FEN1 depletion resulted in increased sister telomere loss (STL) (Figures 2B and  2C ). On average, 9.4% of the chromosomes isolated from control cells displayed STLs ( Figure 2C ). Upon FEN1 depletion, the percentage of chromosomes displaying STLs increased nearly 2-fold (16.8%, p < 0.0001; Figure 2C ), indicating that FEN1 depletion impacted telomere stability.
Depletion of FEN1 leads to sister telomere loss (Figure 2 ), resulting in recognition of telomeres by the DNA damage machinery (Figure 1 ). Several papers have demonstrated that telomerase is preferentially recruited to the shortest telomeres [15] [16] [17] [18] , raising the possibility that telomerase may compensate for FEN1 depletion at the telomere. Therefore, we expressed shSCR or shFEN in BJL cells expressing telomerase (BJLT; Figure 2A ). We found that, in the presence of telomerase, STLs were significantly reduced upon FEN1 depletion. Indeed, in BJLT cells, only 2.6% of chromosomes displayed STLs upon FEN1 depletion (p < 0.05; Figures 2B and 2C), which was significantly lower than the 16.8% STLs observed in BJL cells devoid of telomerase activity. Together, these results demonstrate that telomerase compensates for FEN1 depletion at the telomere.
The above observation was reminiscent of a report demonstrating that mutations in WRN, a known FEN1-binding protein, led to STLs that were limited to telomeres replicated by lagging-strand DNA synthesis [19] . Given FEN1's known role in lagging-strand DNA replication and its interaction with the WRN protein [20, 21] , we investigated whether FEN1 depletion compromised lagging-strand DNA synthesis of the telomere. To carry out these studies, we employed chromosome orientation fluorescent in situ hybridization (CO-FISH), which is capable of distinguishing between telomeres replicated by leading versus lagging-strand DNA synthesis ( Figure 3A ). CO-FISH analysis revealed that reduction in FEN1 protein levels led to a specific loss of the lagging-strand telomere (Figures 3B and 3C) . BJL cells expressing the control hairpin (shSCR) had similar levels of telomere loss of both leading and lagging strands (4.4% and 3.8%, Figure 3C ). Strikingly, cells expressing shFEN exhibited a significant 2-fold increase in loss of the lagging-strand sister telomeres (9.5% versus 3.8%, p < 0.0001; Figure 3C ), with no change in the number of leading-strand STLs observed. Together, these data demonstrate that FEN1 depletion exclusively compromises lagging-strand DNA replication at the telomere.
Several biochemical functions have been ascribed to FEN1 [3, 4] . To determine whether FEN1 nuclease activity or its interaction with the WRN protein is necessary for telomere stability, we created a novel vector, pResQ, capable of expressing both an shRNA and a cDNA ( Figure S4 ), and conducted genetic rescue experiments. We also designed a second shRNA targeted to the FEN1 3 0 UTR (shFEN3), which facilitated our analysis by allowing us to deplete endogenous mRNA, while having no effect on mRNA produced from a cDNA devoid of the 3 0 UTR sequence. The FEN1 mutants utilized were D181A (DA), which completely lacks nuclease activity [22] , and delta C (DC; 20 amino acid deletion on the C terminus), which retains partial ability to process flap structures with the replication clamp, PCNA, but is unable to bind the WRN protein [23, 24] . Cells transduced with the indicated vector confirmed that endogenous FEN1 protein was significantly reduced, and the wild-type (WT) and mutant proteins were expressed, albeit to varying levels ( Figure 4A ).
We next determined whether the wild-type or mutant FEN1 proteins could rescue the telomere dysfunction observed upon FEN1 depletion. No significant change in leading-strand STLs was observed following expression of any of the FEN1 proteins ( Figure S5 and Figure 4B ). Reduction of FEN1 protein with a second independent hairpin (shFEN3) led to a 2-fold increase in lagging-strand STLs ( Figure 4B ). Importantly, expression of wild-type FEN1 rescued the lagging-strand STL phenotype, indicating that the observed phenotype was specific to the depletion of FEN1 ( Figure 4B ). In contrast, ectopic expression of either the DA nuclease-deficient mutant or the DC mutant was unable to rescue the lagging-strand STL phenotype upon FEN1 depletion ( Figure S5 and Figure 4B ). These observations suggest that both the nuclease activity and FEN1's interaction with WRN are critical for its role at the telomere.
To rule out that failure of the mutants to rescue FEN1 depletion resulted from an inability of the mutants to interact with TRF2 or localize to the telomere, we conducted immunoprecipitation and ChIP experiments. As shown in Figure 4C , the DA mutant, but not the DC mutant, retained the ability to interact with TRF2, indicating that the C-terminal 20 amino acids are critical for FEN1 binding to TRF2. This also suggests that the phenotype of the DC mutant may be compounded by the combined loss of TRF2 and WRN interactions. To determine whether the mutant FEN1 proteins retained the ability to localize to the telomere, we also carried out ChIP analysis on lysates from 293T cells ectopically expressing epitope-tagged FEN1 proteins. We found that all three FEN1 proteins associated with telomeric DNA ( Figure 4D ). These results, together with the functional data presented above, demonstrate that failure to rescue sister telomere loss was not due to an inability of the mutants to localize to the telomere.
FEN1 is a DNA replication and repair protein [4, 25] . To explore the possible impact of FEN1 depletion on the genome at large, we carried out karyotypic analysis of BJL and BJLT cells. Upon FEN1 depletion, BJL cells displayed a mild increase in genomic instability as evidenced by a modest increase in the number of chromatid breaks and chromosome gaps observed (Table S1 ). Because telomerase rescues the telomere phenotype observed upon FEN1 depletion (Figure 2) , any chromosomal abnormalities observed in BJLT cells depleted of FEN1 would be attributed to a nontelomeric effect. Karyotypic analysis of BJLT cells revealed no significant differences between cells expressing shSCR or shFEN (Table S1 ), indicating that the impact of FEN1 depletion on the genome is the result of telomere dysfunction.
FEN1 is a structure-specific endonuclease that acts in DNA replication and repair. Here, we assessed FEN1's role in telomere stability. In agreement with previous work [13, 14] , we found that FEN1 is present at mammalian telomeres in a cellcycle-dependent manner and that it interacts with TRF2. This interaction requires the C-terminal region of FEN1. FEN1 depletion led to telomere dysfunction characterized by an increase in gH2AX at telomeres and sister telomere loss (STL). The latter was repressed by telomerase expression. CO-FISH analysis revealed that STLs were limited to telomeres replicated by lagging-strand DNA synthesis. We further demonstrated that FEN1 nuclease activity and its C-terminal region are critical for its function at the telomere. FEN1 depletion revealed only a mild increase in genomic instability that was completely abolished in the presence of telomerase. Collectively, these data demonstrate that FEN1 is important for telomere stability and suggest that FEN1 is required for proficient replication and/or repair of telomeres.
Telomere repeat binding proteins interact with DNA replication and repair proteins to maintain telomere stability [1, 5] . Abrogation of these protein-protein interactions in both yeast and mammalian systems can have profound effects on telomere stability [2] . These observations raise the possibility that the telomere represents a specialized structure whose replication and stability are ensured by the coordinated efforts of numerous redundant systems [5] . Highly repetitive sequences such as those present in the telomere can adopt complex secondary structures that are challenging to replicate and have the potential to lead to stalled replication forks [5, 7] . If left unresolved, these can result in double-strand breaks [26] . Given FEN1's potential role in the reinitiation of stalled replication forks [27, 28] , its absence is likely to compound the ability of the replication machinery to successfully transit the G-rich TTAGGG tracks. In support of this, our data demonstrate that FEN1 depletion results in specific loss of lagging-strandreplicating sister telomeres. We propose that FEN1 is recruited to the telomere to facilitate replication and that, in its absence, the replication machinery has a propensity to stall and/or inefficiently reinitiate stalled replication forks within the telomeric repeats. This hypothesis is particularly attractive in light of work demonstrating that loss of the Werner protein, which localizes with FEN1 at stalled replication forks, thereby facilitating processing of branch migrating structures [28] , phenocopies FEN1 depletion at the telomere [19] . In both the case of FEN1 depletion (this report) and WRN loss [19] , telomerase rescues the telomere phenotype. Because telomerase is recruited to and extends the shortest telomeres [15] [16] [17] [18] , its presence would be expected to rescue STLs by lengthening shortened telomeres created after a stalled-fork-induced break. Interestingly, the DC FEN1 mutant that does not interact with the WRN [24] or TRF2 proteins is unable to rescue the telomere defect observed upon FEN1 depletion, despite its ability to localize to the telomere. Because the DC mutant retains a partial ability to interact with PCNA [23, 24] , this result suggests that it is FEN1's repair function that is critical for its activity at the telomere.
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